INTRODUCTION
PATIENTS who are tetraplegic due to cervical spinal cord transections are prone to disorders of the circulation because of the interruption of pathways by which the brain normally controls sympathetic outflow. In these subjects, the haemo dynamic response to stimulation of the respiratory tract may differ, as the usual response to such stimulation, hypertension and tachycardia (Corbett et at., 1969) , is considered to be dependent on intact autonomic nervous pathways. We therefore studied the cardiovascular system during tracheal suction in recently injured tetra plegics needing I.P.P.V., and during endotracheal intubation in chronic tetraplegics undergoing general anaesthesia. We also report observations on the control of systemic blood pressure in chronic tetraplegics during urological surgery, as visceral stimulation during such surgery can result in severe arterial hypertension (Nieder et at., 1970) , due to uninhibited reflex sympathetic activity via the isolated spinal cord.
SUBJECTS AND METHODS
Seven male tetraplegics with physiologically complete cervical spinal cord transections were studied. Four had sustained their lesion recently (within six weeks), and needed respiratory assistance because of paralysis of the diaphragm (Table I) . Three were tetraplegic for six months and longer, and needed urological surgery. Five of the patients were studied on more than one occasion.
In all tetraplegics, systolic and diastolic blood pressure, heart rate and the electrocardiograph (E.C.G.) were recorded. In two tetraplegics (Patients no. 1 and no. 3, Table I ), blood pressure was measured by sphygmomanometer and heart rate derived from the E.C.G. In the others, blood pressure and heart rate were measured by intra-arterial catheter. On some occasions, airway pressure was recorded, and blood samples were taken for estimation of plasma electrolytes, arterial blood gases and pH, and plasma noradrenaline and adrenaline.
Intravascular blood pressure was recorded via a polytetrafluoroethylene (Teflon) catheter introduced percutaneously into either the dorsalis pedis or the radial artery. This was connected via saline-filled tubing to an electromanometer,. mounted so that throughout the investigation it remained level with the fourth intercostal space, just anterior to the mid-axillary line (phlebostatic axis, Winsor & Burch, 1946) . Between the catheter and the electromanometer was a device (MacMillan & Stott, 1968) which provided continuous perfusion of the catheter with sterile heparinised saline and series mechanical damping of the arterial pressure system by an adjustable stenosis. The blood pressure signal triggered a beat-to-beat heart rate meter so that instantaneous heart rate was derived. The E.C.G. was obtained from standard limb and chest leads. These signals were amplified and recorded on a multi-channel rectilinear pen recorder. In some cases, airway pressure was recorded with a pressure transducer connected to the endotracheal tube. Modifications were made to the recorder so that the output from the pre-amplifiers was simultaneously recorded on a four-channel frequency modulated tape recorder.
The arterial catheter had a three-way connector, which facilitated withdrawal of blood for analysis. Precautions were taken to ensure that the sample was free of saline. Blood for plasma catecholamine analysis was processed as described previously (Mathias et al., 1975) . Noradrenaline and adrenaline in plasma were analysed using a double-isotope derivative technique (Christensen, 1973) . The lowest value of plasma noradrenaline and adrenaline detectable with this assay is approximately 0'01 ng./mi. with 5 to 10 mi. of plasma. Blood for plasma electro lytes was placed into lithium-heparin tubes and analysed on a Technicon S.M.A. 6-60. Blood for measurement of blood gases and pH was withdrawn into heparinised syringes, and analysed on an Instrumentation Laboratory, Model 213 pH/Blood Gas Analyser.
RESULTS
In all four recently-injured tetraplegics needing I.P.P.V., tracheal suction in the presence of hypoxia resulted in bradycardia and in two patients even cardiac arrest (Table I and fig. I ). Patients no. I and no. 2 had multiple episodes of bradycardia and cardiac arrest during tracheal suction. Atropine successfully prevented this effect. Both these patients needed added oxygen and main tenance atropine (0·6 mg. intramuscularly or subcutaneously every four hours) until their pulmonary function improved. Patient no. 3 developed bradycardia even without tracheal suction. On the seventh day, his heart rate dropped to 40 beats/min. over a period of four hours. Arterial blood gas analysis showed that he was hypoxic, and the addition of oxygen raised his heart rate ( fig. 2 ) and maintained it between 55 and 65 beats/min. Four days later, this patient (no. 3) had a collapsed left lower lobe which made him hypoxic. Tracheal suction at this stage resulted in bradycardia. He was successfully managed on added oxygen and did not need atropine. Patient no. 4 had no pulmonary pathology, was not hypoxic, and did not have bradycardia during tracheal suction. On one occasion, however, his tidal volume fell to 350 mI., when the cuff of the endotracheal tube was deflated. This made him hypoxic, and tracheal suction then resulted in bradycardia. This patient was managed on added oxygen. As psychological factors and fear can cause bradycardia and cardiac arrest (Stephenson, 1969) , the effect of simulated disconnection from the respirator and tracheal suction ('mock' tracheal suction) was tested in all patients. No change in blood pressure or heart rate was observed.
In the first chronic tetraplegic monitored during general anaesthesia, cardiac arrest occurred during endotracheal intubation ( fig. 3 ). Owing to a delay in the operation list, this patient received atropine (0·6 mg.) and pethilorfan (50 mg.) subcutaneously two hours prior to induction. Methohexitone sodium (80 mg.) 
Tendon reflexes Visceral reflexes and suxamethonium chloride (50 mg.) were administered intravenously before intubation. Cardiac arrest followed, which necessitated external cardiac massage. Succeeding tetraplegics undergoing surgery under general anaesthesia were given atropine (0·6 mg.) intravenously a few minutes before induction and intubation. This caused a rise in heart rate and a small elevation in arterial blood pressure, and no further episodes of bradycardia or cardiac arrest occurred. The same patient (as in fig. 3 ) needed further urological surgery. He was given atropine 0·6 mg. intravenously too, and had no fall in heart rate during intubation. The arterial blood pressure, heart rate and E.C.G. were recorded in chronic tetraplegics before, during and after urological surgery under general anaesthesia. Before surgery, the cardiovascular responses to cutaneous and bladder stimulation were assessed in all patients, while the Valsalva manoeuvre was only tested in those patients who could actively increase intrathoracic pressure. In all patients cutaneous stimulation, by noxious stimuli below the segmental level of the lesion, resulted in a rise in systolic and diastolic blood pressure and a fall in heart rate (Table II) . Bladder stimulation, effected by suprapubic percussion of the anterior abdominal wall for periods of one to three minutes, consistently caused marked hypertension the systolic blood pressure often rising above 200 mm. Hg. This was accompanied by a fall in heart rate. In the tetraplegics, the Valsalva manoeuvre (during which the patient acutely increased intrathoracic pressure by taking a deep inspiration, and then attempted to expire forcibly while closing his nose (against a mercury
FIG. I
The electro cardiograph in a recently-injured tetraplegic on intermittent positive pressure ventilation (I.P.P.V.). When the patient was taken off the respirator for routine tracheal suction, cardiac arrest occurred. The patient was put back on I.P.P.V. and external cardiac massage and atropine (0'6 mg. intravenously) was needed.
FIG. 2 The electrocardiograph in a recently injured tetraplegic on intermittent positive pressure ventilation (I. P. P.V.) before and after the administration of oxygen. p.02 was low when he was on air; this was corrected after adding oxygen. 13/3-D column) resulted in an abnormal response. The increase in intrathoracic pressure caused a continuous fall of systolic, diastolic and pulse pressure ( fig. 4 ), with no tendency to level off, as occurs in the normal response ( fig. 5 ). In the tetraplegics, the heart rate rose when intrathoracic pressure was elevated. When intrathoracic pressure was released there was no blood pressure overshoot and bradycardia, but only a gradual recovery of blood pressure and heart rate to former levels. During surgery, halothane (in concentrations of one to three per cent) reduced resting arterial blood pressure, and suppressed the severe hypertension which can occur during bladder surgery. This reduction in blood pressure appeared to be dose-dependent. Halothane concentrations over three per cent were never administered. On some occasions, however, the blood pressure was not adequately controlled with three per cent halothane. The patient was then placed on I.P.P.V. (using a Manley respirator) and the halothane concentration could then be reduced to 0'5-1 per cent. This combination effectively controlled systemic blood pressure (Table II and fig. 6 ). Haemodynamic measurements were continued for one to three hours after the operation. The blood pressure and heart rate soon settled to within normal values (Table II) and no eventful changes occurred. 
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Effect of endotracheal intubation on the blood pressure (B. P.) and heart rate (H.R.) of a tetraplegic. The patient was manually inflated with oxygen immediately after cardiac arrest occurred. 
FIG. 4
Effect of a Valsalva manoeuvre on the blood pressure (B. P.) and heart rate (H.R.) of a tetraplegic with a complete C6 lesion (patient no. 6). Airway pressure (A. P.) has been recorded. 
FIG. 6
Effect of halothane and intermittent positive pressure ventilation (I.P.P.V. ) on the blood pressure (B.P. ) and heart rate (H.R.) of a tetraplegic (patient no. 6) during urological surgery. The blocks below the B.P. trace indicate bladder stimulation by diathermy. Airway pressure (A.P.) has been recorded during spontaneous breathing (S), manual ventilation and I.P.P.V.
DISCUSSION
Tracheal suction and intubation in man usually results in tachycardia and hypertension (Burstein et al . . ' 1950; King et al., 1951; Rosner et al., 1953; Takeshima et al., 1964; Corbett et al., 1969; Forbes & Dally, 1970) . Similar changes occur in animals during mechanical irritation of the respiratory tract (Tomori & Widdicombe, 1969) , and are associated with increased efferent sympathetic nervous activity. It is thought that an intact sympathetic nervous system is necessary for these responses to occur in man. None of our four recently injured tetraplegics on I.P.P.V. had a rise in blood pressure or heart rate during tracheal suction. This was probably due to absent reflex sympathetic activity as all our tetraplegics were in spinal shock.
Tracheal suction resulted in bradycardia and even cardiac arrest. This was probably due to a vago-vagal reflex, with both afferent and efferent arcs in the vagus nerve (Weiss & Ferris, 1934) . Vagal sensory receptors are present in the trachea and bronchi and mechanical irritation of these may result in a reflex bradycardia (Stephenson, 1969) . The efferent limb was probably the vagus, as atropine effectively abolished the reflex.
Reflex bradycardia and cardiac arrest only occured when the patients were hypoxic as a result of pulmonary pathology or hypoventilation (Table I ). In animals, hypoxic stimulation of arterial chemoreceptors, when pulmonary ventila tion is constant, results in a reflex bradycardia (Daly & Scott, 1958; Angell-James & Daly, 1969) . In spontaneously breathing animals, this primary bradycardia is converted into a secondary tachycradia by the hypoxic drive which results in hyperventilation and activation of the pulmonary (inflation) vagal reflex (Angell James & Daly, 1969; Daly, 1972) . None of our tetraplegic patients was, however, capable of spontaneous respiration at the time when bradycardia and cardiac arrest occurred.
Our studies, therefore, indicate that tracheal suction in recently-injured tetra plegics may result in reflex bradycardia and cardiac arrest, especially in the presence of hypoxia. In our patients this appeared to be due to a vago-vagal reflex, which would normally be overridden by sympathetic activity and the pulmonary (inflation) vagal reflex arising from the hypoxic drive to increase ventilation. Atropine effectively abolished this reflex. The management of such patients in emergency is by external cardiac massage and intravenous atropine. Prevention of hypoxia is important. If adequate oxygenation cannot be achieved, maintenance atropine may be necessary. Parasympatheticomimetic drugs should be avoided in these patients.
Reflex cardiac arrest may also occur in tetraplegics during endotracheal intubation. In our patient this was probably due to a vago-vagal reflex. Atropine, 0·6 mg. intravenously prior to induction and intubation, effectively prevented this occurrence in succeeding patients. It is suggested that premedication with atropine is essential in tetraplegics undergoing endotracheal intubation and general anaesthesia.
Severe arterial hypertension can occur in tetraplegics undergoing urological surgery (Nieder et al., 1970 , Welply, 1975 , as visceral stimulation results in uninhibited reflex sympathetic activity via the isolated spinal cord (Guttman & Whitteridge, 1947; Corbett et al., 1971; Debarge et al., 1974; Frankel et al., 1974) . In our patients, halothane reduced the resting blood pressure and the arterial pressor response to bladder stimulation during such surgery. It was originally thought that the hypotensive effects of halothane were caused by ganglionic blockade (Raventos, 1956) , and in part by a dilating action on vascular smooth muscle (Burn & Epstein, 1959) . It is now thought that the hypotensive effect is due to impairment of myocardial contractility (Prys-Roberts et at., 1974). This may be of importance if an emergency occurs, as the response of the heart to either direct or sympathomimetic stimulation is severely impaired when a low arterial pressure is associated with myocardial depression (Gersh et at., 1972) .
In our patients, control of blood pressure during urological surgery was satisfactorily achieved, with low concentrations of halothane (0.5-1 per cent), by placing them on I.P.P.V. The facilitatory effect of I.P.P.V. on halothane-induced hypotension has been previously ascribed to the avoidance of hypercapnia and the increase in intrathoracic pressure (Bahlman et at., 1972) . It is likely that the increase in intrathoracic pressure is of greater importance in our subjects. The ability of the cardiovascular system to counteract the effects of an increase in intrathoracic pressure depends on the integrity of compensating nervous reflexes. Our tetraplegic patients had abnormal circulatory responses to the Valsalva manoeuvre ('blocked' Valsalva response) ( fig. 4) , which has been attributed to the interruption of circulatory reflexes by the spinal cord lesion (Johnson et at., 1969) . The increase in intrathoracic pressure continuously decreased systemic arterial pressure, while restoration of intrathoracic pressure to normal produced only a slow recovery of arterial pressure, with no overshoot as occurs normally ( fig. 5 ). I.P.P.V. is considered to be a series of short repeated Valsalva manoeuvres, and the increase in intrathoracic pressure, in the presence of small concentrations of halothane, probably resulted in a greater reduction of arterial pressure in our tetraplegics, than would occur in subjects with an intact sympathetic nervous system.
Our studies suggest that halothane is effective in controlling the arterial hypertension associated with autonomic hyperreflexia during urological surgery. Control of blood pressure, with low concentrations of halothane, may also be achieved by using I.P.P.V.
SUMMARY
The arterial blood pressure, heart rate and electrocardiograph were recorded, and plasma electrolytes, arterial blood gases and pH, and plasma catecholamines were estimated in seven patients with physiologically complete cervical spinal cord transections who needed intermittent positive pressure ventilation (I.P.P.V.) or were undergoing urological surgery under general anaesthesia.
In the tetraplegics on I.P.P.V., bradycardia, and in two patients even cardiac arrest, occurred during tracheal suction, especially in the presence of hypoxia. In one tetraplegic being anaesthetised, cardiac arrest occurred during endotracheal intubation. This reflex bradycardia and cardiac arrest appeared to be due to a vago-vagal reflex, unopposed by sympathetic activity or by the pulmonary (inflation) vagal reflex. Atropine was effective in preventing this reflex.
In the tetraplegics undergoing urological surgery, severe hypertension resulting from visceral stimulation was effectively reduced by halothane. In these patients, control of arterial blood pressure with lower concentrations of halothane may also be achieved with I.P.P.V. 
SOMMAIRE
La tension arterielle, Ie debit sanguin et l'electrocardiographe furent enregistres, et les electrolytes du plasma, les gaz sanguins et Ie pH, et les catecholamines du plasma furent estimes chez sept malades avec lesion transverse, complete du point de vue physiologique, de la moelle cervicale, qui avaient besoin de la ventilation it pression positive intermittente ou qui subissaient une intervention chirurgicale urologique sous anesthesie generale.
Chez les tetrapleges it qui l'on administrait la ventilation it pression positive inter mittente, une bradycardie, et chez deux malades un arret du coeur, se produisirent lors d'une succion tracheale, surtout en presence d'une hypoxemie. Chez un tetraplege sous anesthesie un arret du coeur se produisit au cours d'une intubation. Cette bradycardie et cet arret du coeur reflexes semblent etre dus it un reflexe vago-vagal, auquel aucune activite sympathique ni aucun reflexe vagal pulmonaire ne s'opposaient. L'atropine prevint ce reflexe efficace ment.
Chez les tetrapleges qui subissaient une intervention chirurgicale urologique, l'halothane reduisait efficacement l'hypertension aigue qui s'ensuivait de la stimulation viscerale. Chez ces malades l' on peut aussi regler la tension arterielle lors d'une telle intervention chirurgicale avec la ventilation it pression positive intermittente.
